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Abstract
The magnetic response of nanostructures plays an important role on biomedical applications being strongly
influenced by the magnetic anisotropy. In this work we investigate the role of temperature, particle concentra-
tion and nanoparticle arrangement forming aggregates in the effective magnetic anisotropy of Mn-Zn ferrite-based
nanoparticles. Electron magnetic resonance and coercivity temperature dependence analyses, were critically com-
pared for the estimation of the anisotropy. We found that the temperature dependence of the anisotropy follows
the Callen-Callen model, while the symmetry depends on the particle concentration. At low concentration one
observes only an uniaxial term, while increasing a cubic contribution has to be added. The effective anisotropy was
found to increase the higher the particle concentration on magnetic colloids, as long as the easy axis was at the
same direction of the nanoparticle chain. Increasing even further the concentration up to a highly packed condition
(powder sample) one observes a decrease of the anisotropy, that was attributed to the random anisotropy axes
configuration.
Keywords: magnetic anisotropy, electron magnetic resonance, dipolar interaction, random anisotropy, magnetic
hyperthermia.
I INTRODUCTION
The magnetic anisotropy constant have a great impact in the magnetic response of nanoparticles. In non-interacting
systems it defines (together with the particle size) if the nanoparticle is at the blocked or superparamagnetic (SP)
regime. SP particles are believed to play an important role in biomedical applications, spanning from contrast agents
for MRI, heat generators in magnetic hyperthermia, cell sorting applications due to magnetophoresis properties, among
others. [1–4] Moreover nanoparticles can form aggregates, for example linv ear chains or spherical nanostructures (even
at the SP state due to van der Waals interactions), [5] where in this case the intraparticle interactions (mainly due to
magnetic dipolar interactions) can modify the effective magnetic anisotropy. The knowledge of this effect is of great
fundamental and technological importance due to the several applications of magnetic nanoparticles (even beyond the
biomedical field), since it directly correlates with the relaxation of the magnetization.
In the literature there is still a strong debate about the effect of dipolar interaction, where some authors claim it
decreases the effective anisotropy, while others point to the opposite effect. [5–10] It is also curious to notice that few
articles discuss about the task of anisotropy axes arrangement, the anisotropy temperature dependence or the particle
interaction role on the anisotropy energy symmetry, which again can impact the magnetic relaxation. [11]
Nowadays several techniques are applied to determine the magnetic anisotropy, as for instance ZFC/FC mag-
netization curves, [12, 13] coercivity temperature dependence analysis, [14, 15] electron magnetic resonance, [16–18]
Mossbauer spectroscopy, [6] among others. In some cases one first determine the blocking temperature and then
calculate the magnetic anisotropy, where some methods assume the anisotropy to be temperature independent. This
is obvious incorrect since several anisotropy contributions are temperature dependent, such as the magnetostatic or
magnetoelastic terms. In particular, for the ZFC/FC curves, [12] generally, it is not clear that the determination of
anisotropy via blocking temperature is an estimated anisotropy refering to the value at this temperature. For several
studies this might not be that important, however there is a great interest on using magnetic nanoparticles for cancer
therapy through magnetic hyperthermia. [3,4,19,20] Here temperature effects can have a great impact on the clinical
outcome. Furthermore this biomedical application showed a strong dependence upon particle arrangement, [10,21–26]
and therefore understanding the role of particle interactions and nanoparticle arrangements is also crucial. It might
also be relevant to notice the experimental condition that the effective anisotropy is determined, for example in some
works the magnetic anisotropy of the nanoparticles is estimated using a powder sample, while the relevant application
property is analysed for the colloidal suspension. In the powder sample the nanoparticles are highly packed and one
might assume that the anisotropy axes are randomly arranged, while in the colloidal suspension distinct aggregate
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formations can arise, as for instance linear chains that are expected to have their anisotropy axes arranged along the
chain (longitudinal configuration). [27]
In this work, we investigate the role of particle arrangement on the effective magnetic anisotropy by critically
comparing data using the coercivity temperature dependence analysis and electron magnetic resonance (EMR). In the
Hc vs T method powder samples were analysed, while in the former magnetic colloids at distinct particle concentra-
tions were investigated. Mn-Zn ferrite nanoparticles surface-coated with citric acid of distinct sizes were compared,
allowing us to determine the value of the effective magnetic anisotropy from the non-interacting condition (highly
diluted magnetic colloid) up to a particle volume fraction of around 0.64, that corresponds to the packing fraction of
monodisperse spherical particles. [28] Here, we demonstrate that magnetic anisotropy is strongly temperature depen-
dent, and that its behavior is well represented by the Callen-Callen model. [29] The room temperature anisotropy is
found to increase the higher the particle concentration in the colloid, and above a critical concentration it shows a
cubic anisotropy symmetry contribution that was not reported before in other works. We show that the experimental
result is in accordance with the theoretical prediction that the existence of linear chains will influence the anisotropy
by means of an additional uniaxial contribution. [5] On the other hand, the existence of the cubic anisotropy term
suggests a multipolar contribution. Increasing even further the concentration up to a highly packed condition (powder
sample), we observed a decrease of the anisotropy and relate it to the random anisotropy axes configuration for this
particle arrangement situation. The result might be useful on understanding some contradictory reports in the litera-
ture regarding the effect of particle interactions, and might impact not only the magnetic hyperthermia field, but also
magnetic particle imaging [30, 31] and magnetic nanothermometry, [32, 33] among others.
The article is organized as follows: In section II, we present the theoretical background for both methods, coer-
civity temperature dependence analysis and electron magnetic resonance, used to determine the magnetic anisotropy.
Different from most works of the literature the effect of the temperature dependence of the anisotropy is explicitly
taken into account in the Hc vs T method, that also determines the sample blocking temperature distribution. On the
other hand, EMR extracts the anisotropy field. Where from the temperature dependence magnetization studies of the
samples one can determine the effective magnetic anisotropy as function of temperature and particle concentration.
Section III discuss the experimental procedures, i.e. synthesis and characterization techniques. Finally, section IV
presents the results and discussions, while the conclusions are shown in section V.
II THEORETICAL BACKGROUND
A Coercivity temperature dependence method
According to this method, the coercivity temperature dependence 〈HC〉T of the sample can be modeled using, [34,35]
〈HC〉T =
MR(T )
χsp(T ) +
MR(T )
HCB(T )
, (1)
whereMR = αMs
∫
∞
T
P (TBl) dTBl is the remanent magnetization, χsp =
25M2S
3Kef
∫ T
0
TBlP (TBl) dTBl the superparamag-
netic susceptibility, P (TBl) is the lognormal distribution function of the blocking temperatures (TBl). For randomly
oriented particle systems α = 0.48, while HCB is described by the following equation
HCB(T ) = α
2Kef (T )
Ms
(
1−
(
T
〈TBl〉T
)3/4)
, (2)
with 〈TBl〉T =
∫
∞
T
TBlP (TBl) dTBl∫
∞
T
P (TBl) dTBl
a temperature dependent parameter related to the distribution of the blocking tem-
peratures at a given temperature T , while the exponent 3/4 corresponds to the random anisotropy case. [35] More
important, different from previous works in the literature, the effective anisotropy constant is assumed to be temper-
ature dependent. This dependence is shown to experimentally follow the Callen-Callen model, [29] which establishes
a relationship between magnetization and anisotropy via the equation:
K(T )
K(0)
=
[
Ms(T )
Ms(0)
]l(l+2)/2
, (3)
For the uniaxial case l = 2 and K(0) is the anisotropy at T = 0K. Thus, this equation can be rewritten using
the Bloch model, Ms(T ) = Ms(0)
(
1− bT 3/2), where Ms(0) is the saturation magnetization at 0K and b is the
Bloch constant, that are determined from magnetization measurements. Therefore, the temperature dependence of
the effective uniaxial magnetic anisotropy constant can be written as
Kef (T ) = K(0)
(
1− bT 3/2
)3
. (4)
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B EMR method
The other technique that will be used to estimate the magnetic anisotropy is the Electron Magnetic Resonance (EMR).
For spherical particles the resonance field condition is given by [16, 17]
HR =
ω
γ
√
1− α2 −
2Kef
Ms
, (5)
where ω is the angular frequency, γ is the gyromagnetic ratio and α is the damping term (usually much lower than
1). Note that the effective anisotropy constant can be expanded in terms of spherical harmonics such as Kef =∑
l
∑
mKlPl(cosθ)e
imϕ, where Pl is the Legendre polynomial and θ is the angle between the applied magnetic field
and the nanoparticle anisotropy axis. [16] For spherical particles, m = 0, while considering only the uniaxial case,
l = 2 term, reveals an uniaxial anisotropy field 2Ks2/MSP2(cosθ). For the longitudinal case (θ = 0) this expression is
the well known uniaxial anisotropy field 2Ks2/MS, as expected. On the other hand, more complex cases can appear
by including other values of l, that reflect the symmetry of the anisotropy. For example, the additional existence of a
cubic contribution, l = 4, results in the condition:
HR =
ω
γ
√
1− α2 −
2K2
Ms
P2(cosθ)− 2K4
Ms
P4(cosθ). (6)
So, the behavior of Hr as a function of the angle can indicate the anisotropy symmetry, where including only the
l = 2 term, reflects an uniaxial anisotropy symmetry, while the necessity of other contributions reveals a more complex
situation.
C Dipolar interaction contribution to the anisotropy
In 2013, Bakuzis et al. [5] mathematically showed that the dipolar interaction between nanoparticles, forming small
agglomerates in a linear chain, has a uniaxial contribution due to the particle-particle interaction term. The linear
chain model was applied to two situations, namely fanning and coherent. In the coherent case, it is assumed that the
magnetic moments of the particles are all in the same direction, rotating coherently in the direction of the magnetic
field. In the fanning structure, the magnetic moments of the adjacent particles rotate in opposite directions. In both
cases, fanning and coherent, a uniaxial contribution to the energy density of the particle (l = 2 term) is noted. [5]
These results can be generalized for the case of a chain containing Q particles. Below, we present the contribution to
effective anisotropy constant in the fanning case, [5, 10]
Kfanningdip =
µ0
4pi
M2SVp(
D¯ + dss
)3 ×

 Q∑
i=odd
(Q − i)
Q (i)
3 + 3
Q∑
i=pair
(Q− i)
Q (i)
3

 ,
where µ0 is a magnetic permeability of the vacuum,D is the nanoparticles mean diameter and VP the particle volume.
The nanoparticles centers are distant from a value r = D¯ + dss, where dss is the distance between the surfaces of the
nanoparticles. The coherent calculation can be found in. [5]
III EXPERIMENTAL PROCEDURE
Among the various methods for synthesizing magnetic nanoparticles, with new morphologies and dimensions, the
hydrothermal technique has been extensively explored. This synthetic route allows working with temperatures above
the boiling point of the chosen solvent, changing the crystallization/recrystallization conditions in the synthetic envi-
ronment. [36] For the preparation of magnetic nanoparticles based on manganese-zinc ferrite with the stoichiometry
Mn0.75Zn0.25Fe2O4, we mixed 3.75mmol of manganese chloride tetrahydrate (MnCl24H2O), 1.25mmol of ions zinc
chloride (ZnCl2) and 10mmol of ferric chloride hexahydrate (FeCl36H2O) from 1mol/l stock solutions. Thus, 50ml
of 8.0wt% aqueous methylamine (CH3NH2) was poured into the metal’s solution under magnetic strring for about
5min at room temperature. The mixture was sealed in a teflon-lined autoclave and maintained at 160 ◦C for 5h inside
an oven.
After this time, the formed magnetic material was washed three times with distilled water. To the resulting
magnetic material was added 300ml To prepare the citrate-capped nanoparticles, 2g of trisodium citrate was added to
this dispersion under magnetic stirring at 80 ◦C for 30minutes. The precipitate was magnetically separated, washed
with acetone and redispersed in water. The pH of dispersion was carefully adjusted to form a stable magnetic fluid
at pH ∼ 7. To obtain samples with different mean diameters, we used a size-sorting method based on the increase
the ionic strength of the sol – through the addition of NaCl – which induces a phase transition in the colloid. [37, 38]
Typically, NaCl is added to the sol with a magnet placed at the bottom of the flask until visual colloidal separation.
After magnetic separation, the supernatant (with smallest nanoparticles) and precipitate (with larger nanoparticles)
are washed with acetone in order to resuspend nanoparticles in aqueous solution at pH ∼ 7.
3
Once the magnetic fluid was achieved, they were diluted in different volumes fractions, which were checked by
expression: φ ≈ Mfluid/Ms, whereMfluid and Ms are the saturation magnetization of the fluid and the powder,
using a VSM (vibrating sample magnetometer, 2Tesla). After obtaining the magnetic fluid, the nanoparticles were
characterized by several techniques, such as energy dispersive spectroscopy (EDS), obtaining images for compositional
analysis; X-ray diffraction (XRD), to obtain the crystalline phase and the average size of the crystallite; transmission
electron microscopy (TEM), for the calculation of the distribution of diameters and shape of the particles; Supercon-
ducting Quantum Interference Device (SQUID) magnetometer, necessary to achieve saturation magnetization and the
coercive field at low temperatures and electron magnetic resonance (EMR), for anisotropy field determination.
Measurements of the chemical composition of the samples were carried out using energy dispersive spectroscopy
(EDS) using the transmission electron microscope (JEOL model JEM-2100), operating in EDS mode at 15 kV . For
the determination of particle sizes, we dry a part of the colloid to obtain the powder and perform the analysis by
XRD (Shimadzu 6000). Images of the nanoparticles were obtained using the transmission electron microscope (Jeol
model JEM-2100) operated at 200 kV , with resolution of 25 A˚. For the characterization of magnetic properties at low
temperatures, we used a VSM-SQUID (Quantum Design PPMS3) with a DC field ranging from -70 to 70 kOe, and
temperatures ranging from 5 to 300 K. On the other hand the calculation of the particle volume fraction at room
temperature was obtained using a VSM (ADE Magnetic, EV-9 model) with a DC field ranging from -20 to 20 kOe.
Finally, EMR measurements were perfomed with a spectrometer EMX-Plus model Bruker, where the magnet had a
magnetic field amplitude up to 14 kG and X-band microwave bridge tuned around 9.5GHz. The EMR procedure to
extract the anisotropy field was the same of Refs. [16, 17, 39]. Basically, at room temperature, one apply the highest
external magnetic field to the magnetic fluid sample with the objective to orient the nanoparticle magnetic anisotropy
axis along the field direction. With the field on, the sample is frozen to 100K. The procedure blocks the nanoparticle’s
anisotropy in a specific direction. A goniometer device allow rotation of the sample with respect to the applied field
during the EMR experiment. So, EMR spectra at distinct angles, for a given temperature and particle concentration,
can be obtained to determine the value and symmetry of the effective anisotropy constant.
IV RESULTS AND DISCUSSION
Figure 1(a) shows the XRD data for both nanoparticles confirming the cubic spinel structure. Crystallite sizes of 10.3
and 11.4 nm were obtained using the Scherrer equation, i.e. DXRD = κλ/βcosψ, where κ = 0.89 is the Scherrer
constant, λ = 0.154 nm is the X-ray wavelength, β is the line broadening in radians obtained from the square root of
the difference between the square of the experimental width of the most intense peak to the square of silicon width
(calibration material), and ψ is the Bragg angle of the most intense peak. The inset of Fig. 1(b) shows an image of a
film made of 10 nm nanoparticles, while some spots show places where were performed the EDS-TEM analysis. Fig. 1b
shows the EDS analysis of this sample, where one can clearly observe the existence of Mn, Zn and Fe, as expected (Cu
signal is due to the TEM microgrids). Fig 1(c) shows the size distribution for both samples obtained from the analysis
of TEM pictures, while the inset shows TEM images of the 10nm size nanoparticles revealing spherical-like particles.
From the fit of the histogram using the lognormal distribution size (median and size dispersion parameters) one can
calculate the mean diameters and the standard deviation, 10 ± 2 and 11 ± 2 nm. Magnetic characterization is shown
in Figure 1(d) for the 10nm particle size, while the inset shows hysteresis curves at low field range. Measurements
were performed at a wide temperature range 5 to 300 K for a powder sample. The saturation magnetization value is
obtained from the analysis at the high field limit, i.e. from extrapolation of data of M × 1/H when 1/H tends to
zero. Fig. 1(e) shows the temperature dependence of the saturation magnetization for both samples. The symbols
represent the experimental data, while line is the best fit using the Bloch’s law, that revealed the Bloch constants,
7.5 × 10−5 and 6.6 × 10−5K−3/2 for 10 and 11nm diameters and the saturation magnetization value at 0K, 585 and
565 emu/cm3, respectively. On the other hand, the particle concentration of the magnetic fluids was obtained by the
analysis of the magnetization at room temperature using a 2T VSM. Figure 1(f) shows the magnetization curves of
the same sample but now at different particle volume fractions (φ). The estimation of φ arises from the ratio of the
saturation magnetization of the sample to the saturation measured for the nanoparticle (powder sample) at the same
experimental condition, that for our samples were found to be 293 emu/cm3 and 303 emu/cm3 for particles of 10 and
11 nm.
A Blocking temperature distribution
Figure 2(a) shows the temperature dependence of the coercivity for both samples, while in the inset is shown the low
field hysteresis curves for the 11nm sample. Symbols correspond to experimental data, while the lines correspond to
the best fit using the theoretical model discussed in section IIA, that included the effective anisotropy temperature
dependence by using Kef (T ) = K(0)
(
1− b T 3/2)3. It is clear in this model that only the value of the anisotropy
at 0K becomes one of the parameters of adjustment of the coercive field data, where the other fitting parameter is
related to the blocking temperature distribution, TmBl. Note that because of lognormal distribution properties, one
can assume that the dispersion of blocking temperatures (that is proportional to the particle volume) is related to
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Figure 1: (a) XRD data of the MnZn samples. Crystaline sizes are determined using Scherrer equation. (b) EDS
analysis of the 10nm sample showing the existence of Mn, Zn and Fe in the nanoparticle composition. The inset
shows a TEM picture and the position of the EDS analysis. (c) Size distribution obtained by TEM. (d) Hysteresis
curves at distinct temperatures for the 10nm sample. The inset shows the magnetization curves at low field range.
(e) Saturation magnetization temperature dependence study. Symbols represent data, while lines are the Bloch law
model. (f) Magnetization data of the 10nm-based colloid for particle volume fraction determination.
Table 1: Effective anisotropy constants and average blocking temperatures of the Mn0.75Zn0.25Fe2O4samples according
to the coercivity temperature dependence analysis.
D
(nm)
Knef
(erg/cm3)
T
n
Bl
(K)
Kef (0K)
(erg/cm3)
Kef (300K)
(erg/cm3)
TBl
(K)
10 1.5× 105 110 ± 76 1.5× 105 3.4× 105 122 ± 85
11 1.4× 105 130 ± 80 1.4× 105 4.1× 104 141 ± 87
the size dispersity (obtained from TEM analysis) through σB = 3σTEM . Therefore, the mean blocking temperature
of the sample can be calculated using the equation TBl = T
m
Bl exp[(σB)
2/2]. Fig 2(b) shows the blocking temperature
distribution obtained from the analysis of 〈Hc〉T vs T . The dashed lines indicate the position of the mean blocking
temperature for both samples. As expected, higher value was found for the larger particle size.
Table 1 summarizes the parameters obtained from the coercive field analysis, 〈Hc〉T vs T method, namely TBl
and Kef (0K). For comparison we also included the values estimated using the non-temperature dependent model,
Knef and T
n
Bl . Curiously the value obtained is very close to Kef (0K), while T
n
Bl is slightly lower than TBl. As
for instance, the 10nm sample showed TBl = 122K, while for the non-temperature dependent model T
n
Bl = 110K.
The difference with other models from the literature [34] are that: (i) firstly, in our case, we can easily identify the
temperature correspondence of this anisotropy; (ii) Second, here there is no necessity to fit ZFC/FC curves to extract
the blocking temperature distribution, a procedure that depending on the nanoparticle is not easily performed; (iii)
In the present model, one can estimate the anisotropy constant at room temperature, where it is found that both
samples shows room temperature anisotropy values on the order of ∼ 104 erg/cm3. However, it is very important
to notice that so far we made the asumption that the anisotropy temperature dependence follows the Callen-Callen
model. In the next section we demonstrate that this is indeed a very good approximation.
B Anisotropy temperature dependence and the Callen-Callen model
The inset of Fig. 2(c) shows EMR spectrum at different angle positions for the 10nm sample with a particle volume
fraction of 3%. Similar experiments were performed at distinct particle concentrations for both samples. Fig. 2(c)
shows the resonance field position as function of the angle between the applied field and the anisotropy axis for the
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Figure 2: (a) Coercive field as function of temperature. Symbols are data, while lines correspond to the model.
The inset shows the the magnetization curves at low field range for the 11nm sample. (b) Blocking temperature
distributions obtained from the model for both samples. In (c) and (d) EMR field as function of the angle between
the applied field and the anisotropy axis at 100K and distinct particle concentrations, respectively for the 10nm and
11nm samples. Solid and dash lines are the adjustments of the experimental data according to the models discussed in
the text. The inset in (c) shows typical EMR spectra at distinct angles. In (e) and (f) symbols represent the uniaxial
anisotropy term K2 as function of temperature and particle concentration, respectively for 10 and 11nm samples, while
lines are the best fit using the Callen-Callen model.
10nm sample at different particle concentrations, while Fig. 2(d) shows similar data but for the 11nm sample. It is
clear that there is a shift in the resonance field position increasing the angle up to 90 degrees. Above this value the
resonance field position decreases returning to its initial position for an angle of 180 degrees. The EMR measurements
shown here were performed at 100 K, but other experiments at temperatures 150, 200 and 250K were also obtained.
Higher temperatures were not analysed because the nanoparticles were dispersed in water, and we wanted to mantain
the nanoparticles in the frozen matrix and avoid the solid-liquid transition. Symbols represent EMR data, while solid
lines corresponds to the uniaxial case (only l = 2 term - Ks2) and dashed lines are the multiaxial case (Eq.(6)), where
one can obtain the values of K2 and K4. Note that, for low concentrations, the uniaxial contribution alone (K
s
2) is able
to explain the behavior of the resonance field. In particular, it is further noted that the increase in the difference of the
Hr variation is a result of a higher anisotropy when the concentration increases. However, in the higher concentrations
the adjustment of the experimental data considering only the l = 2 term was not so good. Therefore the analysis
presented here corresponds to the one using Eq. (6), i.e. one obtain both K2 and K4. According to the theoretical
models the difference between the resonance field at 0 and 90 degrees is related to the anisotropy field. Since the
saturation magnetization temperature dependence was determined before (see Fig. 1(e)), using the anisotropy field
we extract the temperature dependence of the anisotropy constants. Figs. 2(e) and 2(f) shows the effective anisotropy
temperature dependence for the 10 and 11 nm samples, respectively. Here we are showing only the K2 value, but
Table 2 summarizes all the other parameters analysed in this study (including the Ks2 for the uniaxial case). Symbols
represent experimental data, while solid lines correspond to the best fit using the Callen-Callen model. It is obvious
from this analysis the excellent aggreement with the data, justifying the assumption on the later section. On the
other hand, K4 is only relevant at high particle concentrations, although its value is around one order of magnitude
lower than K2 (see Table 2). Room temperature anisotropy values can be found using the Callen-Callen model, and
revealed an increase the higher the particle concentration. Above a critical concentration a cubic anisotropy symmetry
contribution has to be added in the analysis, suggesting a possible multipolar contribution to the anisotropy. Possibly,
this is the first experimental evidence of the existence of a multipolar contribution at high concentrations. It is possible
that such term is the result of a more complex organization of nanoparticles than only isolated linear chains. In favor
of this argument is the fact, well known in the literature, that the magnetic fluid has a liquid-solid transition increasing
the concentration of particles. [40,41] This phenomenon results in the formation of complex self-organized structures,
for example in the formation of hexagonal columnar structures. [41] This might be different from the case of isolated
linear chains, that due to the dipolar interaction between nanoparticles showed only a uniaxial contribution term. [5]
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Table 2: Anisotropy constants of Mn0.75Zn0.25Fe2O4 of 10 and 11nm for each concentration and at different temperatures. Thus, from 100 to 250 K EMR data, while
0 and 300 K corresponds to extrapolation values using Callen-Callen model.
φ
(%)
D
(nm)
0K
K2
(×104erg/cm3)
100K
K2 −K4 Ks2
(×104erg/cm3)
150K
K2 −K4 Ks2
(×104erg/cm3)
200K
K2 −K4 Ks2
(×104erg/cm3)
250K
K2 −K4 Ks2
(×104erg/cm3)
300K
K2 -K4
(×104erg/cm3)
3 10 16.5 14.7 3.3 13.8 13.6 3.0 12.8 12.0 2.6 11.2 10.3 2.3 9.6 8.8 1.70
1 10 14.2 12.5 2.2 11.3 11.4 2.3 10.5 10.0 1.8 9.1 8.4 2.3 7.9 7.1 1.19
0.1 10 13.8 12.1 2.1 10.6 10.8 1.8 9.8 9.4 1.3 8.7 7.9 1.1 7.6 6.5 0.98
0.024 10 9.9 8.7 1.0 8.4 7.6 0.8 7.1 6.6 0.8 6.4 5.4 0.6 5.4 4.4 0.46
0.012 10 7.8 6.6 0.3 6.5 5.7 0.2 5.6 4.7 0.3 4.8 4.0 0.3 3.9 3.2 0.22
3 11 17.3 15.2 3.6 14.6 14.3 3.3 13.3 12.6 2.7 12.0 10.6 2.2 10.1 9.5 1.77
0.093 11 13.9 12.2 1.9 14.6 11.2 1.7 10.6 9.9 1.4 9.5 8.3 1.0 8.2 7.2 0.76
0.018 11 10.9 9.4 0.8 9.1 8.4 0.6 7.9 7.3 0.4 7.1 5.9 0.2 5.8 4.9 0.13
0.005 11 7.5 6.4 0.3 6.5 5.9 0.2 5.8 5.3 0.1 5.1 4.2 0.1 4.1 3.6 0.04
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C The role of the magnetic interaction and axes arrangement on the anisotropy
The excellent agreement between the experimental data and the Callen-Callen model allowed us to calculate the
anisotropy constants by estrapolation at 0K and 300K for both samples. Table 2 summarizes all the results obtained
as function of temperature and concentration. Also, since the main anisotropy contribution arises from the uniaxial
term for most samples, from now on we will focus on the room temperature concentration dependence of K2. Figure
3(a), presents the data at the ambient temperature of the effective anisotropy constant (considering only the uniaxial
term - K2), for different samples, as a function of the particle volume fraction. Open symbols corresponds to the
analysis obtained from the EMR data of the colloids, while solid symbols correspond to the coercivity temperature
dependence analysis (of the powder). According to the literature, [28] for monodisperse spherical nanoparticles one
can assume that the packing of the nanoparticles in the powder configuration corresponds to a particle volume fraction
close to φ = 0.64 (although the nanoparticles are not perfectly spherical or monodisperse this is considered to be a
good approximation). Recall that unlike the case of the magnetic fluid in which the anisotropic axes are oriented
towards the freezing field (longitudinal case [27]), in the case of the powdered sample the axes are estimated to be in
the random configuration. For the colloid one can observe an increase of the effective magnetic anisotropy the higher
the particle concentration. This result is in agreement with the theoretical prediction for the case of nanoparticles
forming a linear chain. [5]
On the other hand, for the higher concentration, a lower value is observed for the anisotropy, which at first can
suggest the existence of a maximum as a function of the concentration. Indeed, the random anisotropy model, already
applied even for magnetic dipolar fluids, [42] suggests a decrease of the effective anisotropy, such that for the case of
N particles interacting collectively, the anisotropy can be represented as Kef = Kint/
√
N . Here Kint refers to the
anisotropy of an individual particle (interacting or non interacting). Therefore, the transition from a longitudinal to
random condition may explain such a decrease, at least qualitatively. As discussed previously, to explain the existence
of the cubic term in the anisotropy, it is known in magnetic fluids that increasing the concentration of particles occurs
a liquid-solid transition. [40,41] In this case, formation of complex self-organized structures can break the longitudinal
condition, favoring a situation with randomly organized anisotropy axes. The consequence of such an effect may be
the decrease in anisotropy. In the case of samples of magnetic fluids such an effect was not observed, but may appear
only in the case of higher concentrations, which would allow the existence of a maximum. As this did not happen for
the fluids in our experimental condition, we decided to theoretically determine, via the linear chain model, [5] if the
increase in the size of the chain is able to explain the value of the anisotropy observed experimentally.
Figure 3(b) presents the calculations of the increase of the effective magnetic anisotropy for a 11nm nanoparticle of
Mn0.75Zn0.25Fe2O4, for fanning (squares) and coherent (circles) cases, assuming a surface-to-surface distance of 1.1nm
(estimated for citric acid molecules). An increase in the effective anisotropy of the nanoparticle is clearly evident with
the increase in the number of particles in the chain. It is also observed the effective anisotropy value tends to saturation
for a large number of particles in the chain, being higher for the coherent case. The role of particle size is shown in
the inset of Fig. 3(c) considering only the fanning case. From the theoretical estimations of Fig. 2(b), by comparison
with the values extracted from the EMR analysis, it is possible to estimate the chain size for any magnetic particle
concentration of the colloids. For example, for φ = 0.03 we found an anisotropy value of Kef = 9.5x10
4erg/cm3 that
for the fanning case reveals a mean chain size of 5.3. The arrows indicate the average chain size (x-axis) that has
the experimental value of the anisotropy (y-axis). Thus, for the volumes fractions of 0.005, 0.018, 0.093 and 3 %, we
obtain as average: 1.1, 1.5, 2.8 and 5.3 particles in a chain for the case fanning and 1.0, 1.1, 1.3 and 1.6 particles for
the coherent case, in which it is clear the increase of the size of the aggregate as a function of the concentration of
particles. Further smaller chains are observed for the coherent case when compared to the fanning system. It is known,
however, that in the situation of lower energy the fanning case is more favorable. Figure 3(c) shows the increase in
the number of aggregates with the increase of the particle volume fraction for both samples, considering the fanning
case. Similar trend is found for both particle sizes and suggest that the increase in the effective magnetic anisotropy
is related to the formation of larger linear chains the higher the particle concentration. This behavior is in accordance
with the theoretical model of Refs. [5, 10] that states an increase of the effective anisotropy due to the dipole-dipole
particle interaction.
Finally, it is tempted to discuss what are the implications of for cancer hyperthermia. Firstly, if the heat gener-
ation is governed by the Nel relaxation mechanism, then is obvious that the results presented here have important
consequences, since the relaxation magnetization depends exponentially on the effective anisotropy. So, one could in
principle tune the effective anisotropy in order to maximize the heat generation. If one needs to increase the anisotropy
then linear chains are interesting options. Indeed, magneto-bacteria chains have been shown to heat efficiently at high
field conditions. On the other hand, if one needs to decrease the effective anisotropy, then arranging the nanoparticles
as spherical aggregates seems an interesting approach because the random anisotropy axes configuration could lead
to this goal. Behind this effect one can find the explanation for several apparently contradictory results regarding the
role of the magnetic particle interaction on the heat efficiency.
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Figure 3: (a) Room temperature uniaxial anisotropy constant as function of particle volume fraction for both samples.
Open symbols corresponds to dat obtained by EMR method, while solid symbols are obtained from the Hc vs T
method. (b) Theoretical anisotropy constant calculation as function of chain size. Circles corresponds to coherent,
while squares are the fanning case. Here we used dss = 1.1nm andMs = 366 emu/cm
3. Arrows indicate the chain size
corresponding to the experimental effective anisotropy value (dash lines). (c) Mean chain size as function of particle
volume fraction for both samples assuming the fanning case. The inset shows the same as (b) for the fanning case,
but including distinct particle sizes.
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V CONCLUSION
Electron magnetic resonance analysis showed that the anisotropy field of these nanoparticles at low particle concen-
tration show uniaxial symmetry that grows with increasing particle volume fraction, thus confirming the influence of
the dipole-dipole interaction. At very high particle concentrations, a cubic symmetry term for the anisotropy has to
be added to the model suggesting the possibility of multipolar contributions. It was also possible to prove that the
anisotropy of these nanoparticles is strongly temperature dependent, and can be adjusted with the Callen-Callen model.
The room-temeprature magnetic anisotropy values obtained from EMR data analysis for the Mn0.75Zn0.25Fe2O4 based
colloids as a function of the concentration were the linear chain model with anisotropy axes aligned in the chain di-
rection, longitudinal configuration. This analysis indicates that the increase of the anisotropy with the concentration
is related to the existence (and formation) of chains in the magnetic colloid, and that the size of them increases with
the concentration. In particular, for the 11nm sample the anisotropy changed from 3.6 × 104 erg/cm3, corresponding
to an average chain size of only 1.1 for the most dilute case, to an anisotropy value of 9.5 × 104 erg/cm3 , which in
the model corresponds to a chain containing on average 5.3 for the most concentrated sample (3% volume fraction).
On the other hand, the anisotropy of the powder sample (estimated to have a particle volume fraction around 64%),
that was evaluated from the coercive field temperature dependence analysis, showed a reduction of the anisotropy
to 4.1 x 104 erg/cm3, probably due to the random distribution of the anisotropy axes in this experimental condition.
The results indicate that the effective magnetic anisotropy is strongly dependent on the magnetic interaction between
the particles and the arrangement of the anisotropy axes, which might explain some contradictory discussions in the
literature since one might enhance or decrease the effective anisotropy depending on the specific situation.
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